Structures and field emission properties of silicon nanowire arrays (SiNWAs), which were fabricated by using of electroless-chemical etching method and post-implanted by the energetic carbon ion beam with an average energy of 20 keV at various doses, have been investigated. Structural analysis of SEM and XPS shows that SiC compound had been formed at the top of SiNWAs, and Si-C/Si composite nanostructure had been obtained. Compared to as-grown SiNWAs, the C ion implanted SiNWAs have better field emission characteristics. The turn-on field and the applied field at 100 A/cm 2 are reduced from 5.01 V/ m and 5.93 V/ m for as-grown SiNWAs to 4.45 V/ m and 5.40 V/ m for SiNWAs implanted at the dose of 1 × 10 16 cm −2 , respectively. However, large implanting amounts made serious structural damages at the top of nanowires, and impaired the field emission characteristics. The influence of energetic C ion implantation on the structures and field emission properties of SiNWAs has been discussed.
INTRODUCTION
In the last decades, SiNWAs have attracted a great deal of attention due to their one-dimensional nanostructure and size-dependent physical properties, which are promising for applications in the field emission display (FED), 1 photovoltaics, 2 biosensors, 3 chemical sensors, 4 gas sensors, 5 photo-detectors 6 and future nanoscale devices. There are many kinds of methods to fabricate silicon nanowires, such as laser ablation, 7 oxide-assisted growth (OAG), 8 thermal evaporation, 9 chemical vapor deposition (CVD) 10 and electroless-chemical etching method (EED). [11] [12] Recently, a great amount of researches have been done to modify silicon nanowires to get better properties, including doping, [13] [14] [15] surface decoration of nanowires [16] [17] and post-annealing, 18 etc. Ion implantation into silicon materials, especially into thin film materials, [19] [20] has been a long practice to modify the field emission properties by controlling various dopants with different doses. Reports demonstrate that the field emission characteristics of the ion implanted Si nanostructure have been greatly improved due to the formation * Author to whom correspondence should be addressed.
of SiC/Si heterostructure. 21 However, there is a little study on ion implantation to the well aligned SiNW arrays and their FE properties.
In this paper, the structures and field emission properties of energetic C ion implanted SiNWAs were investigated, and the influence of ion implantation on structures and properties was discussed.
EXPERIMENTAL DETAILS
Vertically aligned SiNWAs based on N type (100) silicon wafer with resistivity of 7 ∼ 10 · cm were in-situ fabricated by using a relative simple approach, which is similar to our previous reported technology. 11 12 The process mainly included three steps: (1) cleaning of original silicon wafers; (2) immersion of the cleaned silicon wafers into HF-based aqueous solution containing silver nitrate to synthesize Ag nano-catalyst; (3) etching the Ag nanocatalyst covered silicon by immersing them into HF-base aqueous solution containing oxidant (H 2 O 2 or Fe(NO 3 3 . After above processes, the surface colour of samples turned to black, and then the samples were immersed into 50% HNO 3 boiled-solution to dissolve Ag nano-catalyst.
As-grown SiNWAs were implanted by energetic carbon ion with an average energy of 20 keV at room temperature using a metal vapor vacuum arc ion source. The implanted dose was in the range from 1×10 16 to 5 × 10 17 cm −2 . Field emission scanning electron microscopy (SEM Hitachi S-4800) was employed to characterize the morphology of as-grown SiNWAs and the carbon ion-implanted samples with different doses. The C concentration depth profile in the as-implanted SiNWAs was analyzed by the scanning energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical bonding state of Si and C in the SiNWAs. The field emission measurements were carried out in an ultrahigh vacuum chamber, in which the working voltage ranged from 0 to 10 kV was supplied and the data was automatically recorded by a computer connected to the measurement system. The distance between the anode and cathode was varied from 0 to 5000 m and controlled by an electric manipulator. 
RESULTS AND DISCUSSION
Typically, microstructures of as-grown SiNWAs and the ion-implanted SiNWAs by energetic carbon ion with an average energy of 20 keV at various doses are shown in Figure 1 . From Figure 1 , it can be seen that morphologies of the ion-implanted SiNWAs at doses of 1 × 10 16 and 5 × 10 16 cm −2 are almost similar as that of as-grown SiNWAs (seen Figs. 1(a, b and e)). However, for the ionimplanted SiNWAs at a dose above 5 × 10 16 cm −2 , obvious changes on the surface microstructures are observed at the ion-implanted SiNWAs, in which the porous and fine-spiculate structures at the tips of SiNWAs gradually disappeared due to the effect of energetic ion sputtering during ion implantation, and transformed to smooth tips at the ion-implanted SiNWAs with a dose of 5 × 10 17 cm −2 . Herein, the C ion beam implantation has an important impact on the structures of as-grown SiNWAs, and more damages will be introduced to SiNWAs with an increasing dose. On the other hand, the C depth profile measured by EDX in the implanted SiNWAs at a dose of 1 × 10 16 cm −2
(seen in Fig. 2 ) indicates that C element has been doped into the top of SiNWAs and distributes in the region from tips of the array to 2. 21 m in depth. In order to understand the chemical structure clearly, XPS analysis was used to determine the chemical structures of C and Si elements in the C implanted SiNWAs. Figure 3 shows C1s peaks and Si2p peaks in XPS spectra of SiNWAs. From Figure 3 , it can be seen that each peak is composed of several lines, which are obtained by peak fitting with Gauss's function. Three peaks located at 283.2 eV, 284.1 eV and 285.0 eV respectively are observed in C1s peak, in which lines are corresponding to Si-C covalent band, sp 2 -bond and sp 3 -bond, 22 and the corresponding contents are 55%, 29% and 16% respectively. These indicate that 55% implanted C element was used to form Si-C compound. On the other han there are three peaks located at 98.4 eV, 100.8 eV and 102.1 eV respectively also to be observed in Si 2 p peak, in which lines are corresponding to Si-Si covalent bands, Si-C covalent bands and Si-O covalent bands, 22 and the corresponding contents are 60%, 11% and 29% respectively. The content of Si-C covalent bands increases with the increasing C ion implantation dose. These demonstrate that SiC compound has been formed at the top of SiNWAs during energetic C ion implantation, and SiC-Si composite nanostructure/SiNW heterostructures have been synthesized via C implantation into SiNWAs.
Field electron emission characteristics of the implanted SiNWAs at various doses are shown in Figure 4 , A remarkable diversification of current density versus electric field (J -E) characteristics at various doses is observed in Figure 4(a) , where the curve of the SiNWAs implanted at a dose of 1 × 10 16 cm −2 moved to the low applied field. However, high dose implantation induces the curve moving to the high applied field, and makes field emission characteristics of SiNWAs worse. It illuminates that 
Where is the work function, is the field enhancement factor, a and b are the F -N constants, r and s are appropriate values of intercept and slope correction factors, respectively. According to the equation, F -N plot is Field emission characteristics associate with structures (composition, tip sharpness, aspect ratio, etc.) and electrical parameters (conductivity, work function, etc.) of emitters. Energetic ion implantation into materials leads to defect creation (substitution, interstitial and vacancy creation), doping, re-crystallization and other interesting phenomena, and makes characteristics of materials changing. During C ion implantation into SiNWAs, interaction between incident ions and Si atoms induced surface sputtering effect and structural damages in SiNWAs, and formed amount of interstitial atoms and vacancies. Surface sputtering effect induced the porous and fine-spiculate structures at the tips of SiNWAs to be removed gradually with increasing implantation doses, and formed smooth tips finally, which reduces field enhancement effect. At lower dose implantation, changes of micro-structures at tips of SiNWAs were small, which illuminated that a similar field enhancement effect, as that of as-grown SiNWAs, might be obtained. On the other hand, structural damages induced by implantation indicated the formation of amorphous Si, which makes the energy level of Si atoms rise and reduces field enhancement effect. At the same time, as shown in XPS spectra, Si-C compound was formed due to C ion implantation. These demonstrate that Si-C/Si composite nanostructure have been synthesized after energetic C ion implantation, which reduces the work function of the emitter and makes electron emission easily. Considering on the lower irradiation damages at the dose of 1 × 10 16 cm −2 , the field emission characteristics of the implanted SiNWAs was enhanced due to the formation of Si-C/Si composite nanostructures. However, large structural damages, which reduce the amount of emitting points and field enhancement effect of SiNWAs, made the field emission characteristics of SiNWAs worsen.
Summary
Energetic C ion implantation in SiNWAs affected the structures and field emission characteristics of SiNWAs. Low dose implantation induced the changes of microstructures at tips of SiNWAs small. With an increasing implantation dose, the porous and fine-spiculate structures at tips of SiNWAs were removed gradually, and changed to smooth tips finally. Si-C/Si composite nanostructures based on SiNWAs have been synthesized by energetic C ion implantation. The field emission characteristics of the implanted SiNWAs alternatively changed with the increasing implantation doses. The minimum turn on field (4.45 V/ m) and the applied field (5.40 V/ m) at current density of 100 A/cm 2 have been obtained in the implanted SiNWAs with a dose of 1 × 10 16 cm −2 , and is lower than that of as-grown SiNWAs. These demonstrate that the field emission characteristics of the implanted SiNWAs have been enhanced due to the formation of Si-C/Si composite nanostructures. High dose implantation created large structural damages, which make the field emission characteristics of SiNWAs worse. Therefore, energetic C ion beam processing SiNWAs may be a feasible way to enhance field emission characteristics of SiNWAs, and Si-C/Si composite nanostructure has a potential for application in field emission display.
